• Pathogen recognition by plants via pathogen-associated molecular patterns leads to 11 PAMP-triggered immunity. However, pathogens can modulate it via the secretion of 12 effectors. We hypothesize that in potato, induced defense triggered by a Phytophthora 13 infestans concentrated culture filtrate (CCF) could alter both effector expression and 14 disease severity. 15
Introduction 30
Fungal and oomycete plant pathogens are still responsible for a major fraction of yield losses, 31 despite the use of pesticides which have a negative impact the ecological footprint. Therefore, 32 the current challenge is to find economically viable and environmentally safe methods of 33 disease control (Gururani and Park, 2012) . A possible strategy is to exploit plant immunity to 34 enhance plant resistance, combined with quantitative host resistance for more sustainable 35 protection (Walters et al., 2008) . For this, it is necessary to better understand the interaction 36 between plant and pathogens. The interactions between plants and pathogens are described as 37 an arms race in the zig-zag model of co-evolution (Jones and Dangl, 2006) . Indeed, plants are 38 able to recognize elicitors from pathogens, called pathogen-associated molecular patterns 39 (PAMPs), via specific pattern recognition receptors (PRRs). This recognition leads to the 40 induction of general defense responses via PAMP-triggered immunity (PTI) in plants. Thus, 41 defense genes induction may result in the accumulation of antimicrobial compounds in the 42 cytosol, as well as in other mechanisms able to enhance plant resistance (Boller and Felix, 43 2009). 44 Defense induction by exogenous elicitors ahead of pathogen colonization provides sustainable 45 resistance for plants to a wide range of pathogens (Burketová et al., 2015) . Indeed, induced 46 resistance by benzothiadiazole (BTH) protects grapevine from the biotrophic pathogens Plasmopara viticola and Erysiphe necator (Dufour et al., 2013) and also against the 48 necrotrophic pathogen Botrytis cinerea in grapes (Bellée et al., 2018) . In potato, β-aminobutyric 49 acid (BABA) reduces Phytophthora infestans lesion size and sporangial production on potato 50 leaves (Bengtsson et al., 2014a) . Moreover, it protects potato from late blight infection in 51 greenhouse experiments and under field conditions (Liljeroth et al., 2010) . 52
We previously demonstrated that a Concentrated Culture Filtrate (CCF) of P. infestans, 53 containing at least four PAMPs (three elicitins and a polysaccharide; Saubeau et al., 2014) , 54 induces potato defense genes, and that this induction is genotype-dependent (Saubeau et al., 55 2016) . More recently, Thomas et al. (2019) proved that CCF pre-treatment effectiveness 56 depends on P. infestans growth rate, and only reduces the lesion in fast-growing strains. Indeed, 57 some pathogens have evolved the ability to modulate or circumvent host cell defenses by 58 secreting apoplastic or cytoplasmic effector proteins, allowing host colonization via Effector-59 triggered susceptibility (ETS; Kamoun, 2006; Dodds and Rathjen, 2010) . P. infestans has a 60 high rate of effector innovation, thanks to the RXLR gene families within the genome. They 61 were collected in sterile water, and inoculum was prepared and adjusted to a final concentration 77 of 5.10 4 sporangia.mL -1 as described previously by Montarry et al. (2007) , adapted by Thomas 78 et al. (2019) . 79 P. infestans concentrated culture filtrate (CCF) was prepared as described by Desender et al. 80 (2006) from strain 14.P29.03.R, filtrated on sterile gauze and lyophilized for 72 hours. Then, it 81 was diluted in water at 8 mg.mL -1 and 0.1% Tween20 (Saubeau et al., 2016) . 82
Cultivation of plants.

83
Tubers of Solanum tuberosum (L.) genotypes Bintje, Désirée and Rosafolia, chosen according 84 to their various level of susceptibility to P. infestans (Clément, 2011) , were grown in a 85 greenhouse as described by Thomas et al. (2019) . Plants were watered once a week with a 86 nutrient solution (NPK 15/10/15; Hakaphos) . 87 Experimental design.
88
Four weeks following planting, two independent experiments (only one for Rosafolia) were 89 carried out for each genotype, with the same experimental design. Eighteen plants were sprayed 90 to runoff with either CCF at 8 mg.ml -1 (+0.1% Tween20) or sterile water (+0.1% Tween20, 91 control). Each experiment tested eight conditions for each genotype, i.e. all possible 92 combinations of two leaflet pre-treatments (water or CCF) inoculated with P. infestans, and 93 four observation dates (one, two, three and four days post inoculation). Each treatment involved 94 12 leaflets. 95
Sampling of leaflets and inoculation.
96
Forty-eight hours (48 h) after pre-treatment, leaflets were picked at random from the fifth and 97 sixth leaf levels below the apex. Sampling of leaflets and inoculation with 20 µL of P. infestans 98 sporangial suspensions at 5.10 4 sporangia.mL -1 were done as described by Thomas et al. (2019) . 99 
Assessment of potato defense genes and Phytophthora infestans effector genes by
102
The expression of fourteen defense genes (Table 1) and of nine effector genes ( Table 2) was 103 assessed at 1, 2, 3 and 4 days post inoculation (dpi). The 12 leaflets from each condition were 104 sampled as described by Thomas et al. (2019) , lyophilized 24 h and ground at room temperature 105 to a fine powder with Fastprep. This lyophilized powder was distributed as 15 mg aliquots into 106 2 mL cryogenic tubes. RNA was then extracted independently from two of these aliquots), as 107 described by Saubeau et al. (2016) . The integrity of the RNA was evaluated by electrophoresis 108 on 1% agarose gel before conversion into cDNA. 109
Each cDNA sample was then amplified in four qRT-PCR reactions for each defense and 110 effector gene targeted (qPCR replicates). The expression of fourteen potato defense genes 111 (Table 1 ) and of nine P. infestans effector genes ( Table 2 ) was simultaneously analyzed on the 112 same samples at 1, 2, 3 and 4 dpi with qRT-PCR in leaf samples sprayed with CCF or water 113 and inoculated with P. infestans. 114
High-throughput qRT-PCR reactions were performed using the WaferGen SmartChip Real-115 amplification curves. Wells with multiple melting peak as well as those with bad amplification 139 curves were discarded. Then, transcript accumulation of defense and effector genes was 140 calculated by using the relative quantification method described by Pfaffl (2001) . To calculate 141 qRT-PCR efficiencies from calibration curves (E= 10 [-1/slope] ) and thus perform the inter-chip 142 normalization, each qRT-PCR run x primer set included a dilution range. Genes with 143 amplification effectiveness beyond the range 1.7 -2.2 were discarded (i.e. defense genes THT, 144 CalS2, WRKY1 and effector genes EPI1, PiNPP1.1, PexRD2). Expressions of the targeted 145 genes were then normalized with the reference gene GAPDH (defense) or ActA (effectors). 146
Normalized transcript accumulation data were expressed for each condition from duplicates of 147 two independent experiments. 148
Tracking pathogen development by measuring lesion area.
149
Pathogen development was evaluated at 2, 3 and 4 dpi by measuring lesion on the abaxial 150 surface of infected leaflets pretreated or not with CCF with a caliper. Lesion area was, then, 151 
154
Statistical analyses were performed using the statistical software R version 3.5.1. Potato 155 genotype and CCF pre-treatment effects were tested at each point of kinetic on lesion area 156 (symptoms) with one-way variance analyses (ANOVA, function 'aov'). Residuals normality 157 and variances homogeneity were verified. These effects were also tested at each point of kinetic 158 on transcript accumulation (plant defense genes and P. infestans effector genes expression) with 159
Kruskal-Wallis analyses. Null hypotheses were rejected if P value < 0.1. 160
161
Results 162
Phytophthora infestans alone induces defense responses depending on the 163 genotype 164
The global analysis of induced defenses by P. infestans showed a difference in expression 165 between genotypes (Fig. 1) . Indeed, Désirée was characterized by the expression of PR-2, PR-166 4, PR-5a and POX, whereas Bintje was characterized by the expression of PR-3, EIN3, POTLX3 167 and NoxD. Furthermore, defense gene expression was generally lower in Rosafolia, except for 168
PR-1. 169
There was a higher accumulation of PR-2, PR-4, PR-5a and POX in Désirée than in Bintje and 170
Rosafolia. It was significant for PR-2 and PR-5a from 1 to 4 dpi (P value ≤ 0.05 and P value ≤ 171 0.04; while it was significant for PR-4 and POX from 2 to 4 dpi (P value 0.03 and P value ≤ 172 0.06). On the contrary, there was a significantly higher accumulation of PR-3 and EIN3 in Bintje 173 than in Désirée and Rosafolia at 1, 3 and 4 dpi (P value ≤ 0.03 and P value ≤ 0.10) and of NoxD 174 from 1 to 3 dpi (P value ≤ 0.13). On the other hand, there was a higher accumulation of PR-1 175 in Rosafolia than in Désirée and Bintje at 1 dpi (P value 0.04). 176 n=2; results were obtained in two independent experiments (only one experiment for Rosafolia). 182
The genotype effect was tested for each day (Kruskal Wallis: • P value ≤ 0.1, * P value ≤ 0.05, 183 ** P value ≤ 0.01). 184
CCF pre-treatment modulates the expression of some defense genes depending 185 on the genotype 186
The global analysis of induced defenses by CCF pre-treatment showed a difference in 187 expression between genotypes (Fig. 2) . Indeed, CCF increased the expression of the most 188 targeted defense genes in Bintje (PR-1, PR-2, PAL and POX) and in Désirée 189 (PR-1, PR-2, PR-3, PR-4, and EIN3) . On the contrary, it decreased the expression of the most 190 targeted genes (PR-2, PR-5a, PAL, POX, HMGR2 and POTLX3) in Rosafolia. However, CCF 191 induced the expression of PR-1, CCF pre-treatment increased significantly the accumulation of most PRs in both Désirée and 193 Bintje, but affected differently according to the amount of time. Indeed, PR-1, PR-2, PR-4 were more accumulated at 1 dpi in Désirée (P value 0.03, but this increase was maintained 195 longer in Bintje, from 1 to 2 dpi for PR-2 and PR-5a (P value ≤ 0.04), and from 1 to 3 dpi for 196 PR-1, PR-3 and PR-4 (P value ≤ 0.08). In Rosafolia, the expression of PR-3, and of PR-4 197 increased respectively from 1 to 4 dpi, and from 3 and 4 dpi, but it was transient for PR-1 at 3 198 dpi, and for PR-5a at 1 dpi (P value 0.12). On the contrary, CCF decreased the expression of 199 PR-2 at 2 dpi and PR-5a from 2 to 4 dpi in this same genotype (P value 0.12). CCF significantly 200 reduced PAL accumulation at 1 dpi in Désirée (P value 0.08) and at 3 dpi in Rosafolia (P value 201 0.12), whereas PAL accumulation increased at 3 dpi in Bintje (P value 0.14). There was a 202 significant increase of POX accumulation at 1 dpi in Bintje (P value 0.02), whereas there was 203 a significant decrease in accumulation at 3 dpi (P value 0.08). Moreover, CCF decreased the 204 expression of POX from 2 to 4 dpi in Rosafolia (P value 0.12). We also observed a significant 205 increase of EIN3 expression at 2 dpi in Désirée (P value 0.07) and at 3 dpi in Rosafolia (P value 206 0.12), whereas it reduced EIN3 expression at 4 dpi in Rosafolia (P value 0.12). CCF decreased 207 the expression of HMGR2 and POTLX3 only in Rosafolia from 3 to 4 dpi (P value 0.12). 208 209
Fig. 2. CCF pre-treatment effect on potato defense genes expression after inoculation with 211
Phytophthora infestans. Transcript accumulation of defense genes involved in various signaling 212 pathways in potato leaflets Désirée, Rosafolia and Bintje sprayed with either CCF or water 213 (control), from 1 to 4 days post inoculation (dpi) with P. infestans. Data represent the mean + 214 standard error of the mean (SEM), n=2; results were obtained in two independent experiments 215 (only one experiment for Rosafolia). The CCF pre-treatment effect was tested for each day, and 216 each genotype (Kruskal Wallis: • P value ≤ 0.1, * P value ≤ 0.05). 217
Phytophthora infestans induces the expression of effector genes depending on 218 the genotype 219
The global analysis of effectors induction by P. infestans showed a difference in expression 220 between genotypes (Fig. 3) . 221
After inoculation with P. infestans, Avrblb2 and Avr3a were expressed one day earlier in 222 Désirée (from 1 dpi, P value 0.10) than in Rosafolia and Bintje (from 2 dpi). Moreover, INF1 223 and Pi03192 were expressed one day earlier in both Désirée and Bintje (from 2 dpi) than in 224 Rosafolia (from 3 dpi). However, EPIC2B and SNE1 were respectively expressed from 1 and 2 225 dpi in the three genotypes. 226
Avrblb2 and EPIC2B were significantly more expressed at 2 dpi in Rosafolia than in Bintje and 227 Désirée (P value 0.08). Moreover, SNE1 was more expressed from 2 to 4 dpi in Rosafolia (P 228 value ≤ 0.14). On the contrary, Avr3a was less expressed at 3 and 4 dpi in Rosafolia (P value ≤ 229 0.11), and INF1 was less expressed in this genotype at 4 dpi (P value 0.18). On the other hand, 230
INF1 and Pi03192 were less expressed at 2 dpi in Bintje than in Désirée (P value 0.14 and 231 0.11), but Pi03192 was significantly less expressed at 3 dpi in Rosafolia than in Bintje and 232 Désirée (P value 0.10). n=2; results were obtained in two independent experiments (only one experiment for Rosafolia). 240
The CCF pre-treatment effect was tested for each day, each genotype and each treatment 241 (Kruskal Wallis: • P value ≤ 0.1). 242
CCF pre-treatment modulates the expression of effector genes depending on the 243
genotype and on the amount of time (Fig. 4 
) 244
Pi03192 was expressed one day earlier in Rosafolia after CCF pre-treatment (from 2 dpi rather 245 than from 3 dpi) and was over-expressed at 3 dpi in this genotype (P value 0.12). In contrast, 246 CCF did not alter the kinetic of expression of Pi03192 in Bintje and Désirée, while it was 247 repressed at 2 dpi in Désirée (P value 0.02). EPIC2B was expressed one day later in Rosafolia 248 (from 2 dpi rather than from 1 dpi) after CCF pre-treatment but was over-expressed at 4 dpi (P 249 value 0.12). In contrast, CCF did not alter the kinetic or the level of expression of EPIC2B in 250 neither Bintje nor Désirée. INF1 was expressed one day earlier in both Désirée (1 dpi) and 251 Rosafolia (2 dpi) after CCF pre-treatment, while it was over-expressed at 2 dpi in only Bintje 252 (P value 0.02). However, CCF repressed INF1 at 3 dpi in only Rosafolia (P value 0.12). 253
On the other hand, the kinetic and the level of expression for Avrblb2, Avr3a and SNE1 were 254 not altered by CCF pre-treatment. However, Avrblb2 was over-expressed from 3 to 4 dpi in 255
Rosafolia after CCF pre-treatment, while Avr3a and SNE1 were over-expressed at 4 dpi (P 256 value 0.12) in this genotype. 257 from 1 to 4 days post inoculation (dpi) with P. infestans. Data represent the mean + standard 262 error of the mean (SEM), n=2; results were obtained in two independent experiments (only one 263 experiment for Rosafolia). The CCF pre-treatment effect was tested for each day, and each 264 genotype (Kruskal Wallis: • P value ≤ 0.1, * P value ≤ 0.05). The table summarizes the first  265 day of effectors expression, for each genotype with either CCF or water (control). 266 267
The effectiveness of induced defenses depends on the genotype 268
Without pre-treatment, lesion area was larger in Désirée than in the other genotypes from 3 to 269 4 dpi (P value ≤ 2.10 -6 ). However, CCF pre-treatment prior to inoculation with P. infestans 270 significantly reduced lesion area at 3 dpi only in Désirée (P value 0.02, Fig. 5 A, B) . There was 271 only a tendency at 3 dpi in Rosafolia (P value 0.26, Fig. 5 A, B) and at 4 dpi in both Désirée 272 and Bintje (P value 0.18 and 0.27, Fig. 5 A, C) . 273 leaflets Désirée, Rosafolia and Bintje sprayed with either CCF or water (control), (A) from 2 to 276 4 days post inoculation (dpi), with P. infestans at 3 dpi (B) and at 4 dpi (C). Data represent the 277 mean + standard error of the mean (SEM), n=12; results were obtained in two independent 278 experiments (only one experiment for Rosafolia). The CCF pre-treatment effect was tested for 279 each day, and each genotype (ANOVA: * P value ≤ 0.05). 280
Discussion 281
Our working hypothesis was that the induced defenses triggered in potato treated with 282 CCF before infection by P. infestans would affect both disease symptoms and effector genes 283 expressions. The analysis of induced defenses by PAMPs of P. infestans indeed showed a 284 difference in expression levels, but also kinetics, between potato genotypes. Indeed, CCF 285 increased the expression of potato defense genes transiently in Désirée, and for a longer period 286 in Bintje. By contrast, it repressed most defense genes in Rosafolia, although transcript 287 accumulation varied over time for this genotype. These results are consistent with those of 288 Saubeau et al. (2016) , who showed that the expression patterns of defense genes induced by 289 CCF differed according to genotypes rather than to field resistance levels. Interestingly, defense 290 induction by exogenous elicitors as BABA or phosphite was often higher in resistant than in 291 susceptible potato genotypes (Liljeroth et al., 2010; Lim et al., 2013; Bengtsson et al., 2014a) . 292
Our results showed that CCF mainly induced the expression of PR genes, while the 293 expression of other defense genes was consistently lower. Our results are consistent with those 294 obtained with BABA and phosphite. Indeed, BABA induced a major accumulation of PR-1 295 transcripts in Bintje and Ovatio (Bengtsson et al., 2014a) and of PR-1 and PR-2 proteins in 296
Désirée (Bengtsson et al., 2014b) . Moreover, phosphite induced the accumulation of three 297 secretory proteins such as PR-2, PR-3, and lipase in the susceptible genotype Russet Burbank 298 (Lim et al., 2013) . PR proteins are used as markers for pathogen responses and for induction 299 by elicitors, because they play an important role in antimicrobial properties on local infection 300 sites. Indeed, they act as hydrolytic enzymes, contributing directly to the degradation of 301 pathogen cell walls and to the disruption of pathogen membrane integrity (van Loon et al., 302 2006). 303 It is noteworthy that P. infestans alone induced a higher accumulation of some defense 304 genes in Désirée and of other defense genes in Bintje. However, the expression of defense genes 305 was generally lower in Rosafolia than in the other genotypes. The fact that these three genotypes 306 come from different genetic backgrounds could explain the different levels of defense genes 307 induction after inoculation with P. infestans: (i) Désirée descends from the cross between 308 Urgenta and Depesche, (ii) Bintje derives from the cross between Munstersen and Fransen, and 309 (iii) Rosafolia derives from the cross between Centifolia and Parnassia 310 (http://www.europotato.org). These three genotypes differ in susceptibility to P. infestans 311 (http://www.europotato.org), and in resistance components (Clément et al., 2010) . The reduced 312 lesion area in Rosafolia compared to the other two genotypes could be due to constitutive 313 resistance, such as physical -cuticule (Jeffree, 1996) -or chemical barriers -phytoanticipins 314 (Nicholson and Hammerschmidt, 1992) . Since Thomas et al. (2019) demonstrated that slow-315 growing strains of P. infestans caused a lower defense induction than their fast-growing 316 counterparts (probably due to a lower secretion of PAMPs), this could explain why we observed 317 a lower expression of defense gene in this genotype. 318
We proved that P. infestans infection induced the accumulation of six targeted effectors 319 involved in counter defense, which also showed a difference in expression between genotypes 320 ( Fig. 3) . Indeed, Avrblb2, EPIC2B and SNE1 were more accumulated in Rosafolia than in both 321 and Bozkurt et al. (2011) showed that in the pathosystem P. infestans-tomato, EPIC2B and 333
Avrblb2 are involved in counter-defense against apoplast-localized host proteases (respectively 334 C14 and PIP1), promoting P. infestans virulence. Moreover, PIP1 is regulated with a large 335 number of SA-induced PR-proteins such as PR-1 and PR-2 (Zhao et al., 2003) . These effectors 336 were over-expressed after CCF pretreatment, and thus could explain the repression of PR-2 and 337 PR-5a in Rosafolia according to Rose et al. (2002) who showed that a glucanase inhibitor 338 protein of P. sojae inhibits a soybean β-1,3-glucanase belonging to the PR-2 class. The over-339 expression of Pi03192 could be a possible explanation for the repression of most defense genes. 340
This effector manipulates host gene expression by downregulating defense related genes 341 (McLellan et al., 2013) . In the same genotype, the higher expression of SNE1, a suppressor of 342 programmed cell death involved in biotrophy (Kelley et al., 2010) , could be responsible for the 343 smaller and less necrotic lesions. This result is also consistent with the lower expression of 344 INF1, a necrosis-inducting effector (Kamoun et al., 1998). 345 The interaction between induced defenses in potato and the modulation of the 346 expression of P. infestans effectors by CCF pre-treatment could result in different effectiveness 347 depending on the genotype. The induction of defense genes by CCF before inoculation with P. 348 infestans only led to a significant reduction of lesion area at 3 dpi on Désirée. This result is 349 consistent with the behavior of this genotype in field trial, because the treatment of Désirée with 350 various defense inducers has led to a reduction in symptoms. Moreover, it is interesting to note 351 that in Bintje, unlike in Desiree, the induction of defense genes did not lead to a significant 352 reduction of lesion area, meaning that defenses induced by CCF-pre-treatment are not effective 353 for all genotypes. However, as described by Moushib et al. (2013) 
